A recessive temperature sensitive mutant has been Isolated that Is defective in ribosomal RNA processing. By Northern analysis, this mutant was found to accumulate three novel rRNA species: 23S', 18S' and 7S', each of which contains sequences from the spacer region between 25S and 18S rRNA. 35S pre-rRNA accumulates, while the level of the 20S and 27S rRNA processing intermediates is depressed. Pulse-chase analysis demonstrates that the processing of 35S prerRNA is slowed. The defect in the mutant appears to be at the first processing step, which generates 20S and 27S rRNA. 7S' RNA is a form of 5.8S RNA whose 5' end is extended by 149 nucleotides to a position just 5 nucleotides downstream of the normal cleavage site that produces 20S and 27S rRNA. 7S' RNA can assemble into 60S ribosomal subunits, but such subunits are relatively ineffective in joining polyribosomes. A single lesion is responsible for the pre-rRNA processing defect and the temperature sensitivity. The affected gene is designated RRP2.
INTRODUCTION
In Saccharomyces cerevisiae, the processing of the primary 35S rRNA transcript involves accurate recognition and processing of the mature 5' and 3' termini, removal of transcribed spacer sequences, and modification of individual nucleosides. Ribosomal proteins and small nuclear RNAs are involved in this process (1) . The sequence of rRNA processing steps has been proposed (2,3) (Fig. 1) . However, the timing of the various cleavage events has not been precisely determined. No enzyme involved in yeast pre-rRNA processing has been identified.
In bacteria, studies on prokaryotic pre-rRNA processing have been greatly facilitated by isolation and characterization of mutants involved in various steps of rRNA maturation (4) . In yeast a temperature sensitive mutant has been found that blocks specifically a single step in the formation of rRNA: the processing of 27S rRNA to 25S rRNA (5) . New 60S ribosomal subunits are not assembled in this mutant. The unprocessed 27S rRNA and the newly synthesized 60S subunit proteins are quickly degraded, most with half-lives of less than 7.5 min (6) . The mutant gene is designated rrpl (rrp for ribosomal rRNA processing); the RRP1 gene has been cloned (7) . The RRP1 mRNA is in lower abundance than are the mRNAs for ribosomal proteins, suggesting that RRP1 gene product probably does not code for a ribosomal protein.
Other mutants involved in pre-rRNA processing have also been reported. Mitlin and Cannon (8) have described a temperature sensitive mutant which has a slowed conversion of 20S rRNA to 18S rRNA. Particles containing 20S rRNA are found to accumulate in the nucleus and are only slowly transported to the cytoplasm. The processing of 27S pre-rRNA to 25S rRNA is normal in this mutant. Further characterization of this mutant has not been reported.
In order to study the mechanism of pre-rRNA processing, we have screened a temperature sensitive bank for mutants involved in rRNA processing. The isolation and characterization of a temperature sensitive mutant in a new gene, RRP2, is reported in this paper.
MATERIALS AND METHODS

Yeast strains
Yeast strain W303 (MATa, 112, 15) was obtained from R. Rothstein, Columbia University; J1003.1D (MATa, trpl, 112 , canl-100) and J1003.1E (MATa, 112 , canl-100) were derivatives of W3O3 in which the intact HIS3 and TRP1 genes, respectively, had been introduced by transformation.. Except where indicated, yeast strains were grown in YPD medium (1% yeast extract, 2% peptone, 2% glucose). The growth of yeast cells in liquid culture was measured by light scattering.
A bank of 517 temperature sensitive mutants was generated using ethyl-methane sufonate mutagenesis to approximately 45% killing. Permissive conditions were 23°C, non-permissive 37°C, both in YPD. The subject of this paper is mutant strain ts517. This was backcrossed to the parental strain and the mutant spore used for most of the biochemical experiments is termed KS1D.
Yeast RNA preparation An eight ml culture logarithmically growing at 23 °C at 0.6-2.0X 10 7 cells/ml was shifted to 37°C for 90 min and then poured onto sterile crushed ice. Total RNA was extracted essentially as described (9) .
For preparation of small RNA a 200 ml culture at 0.7 -2.Ox 10 7 cells/ml was centrifuged at 7,000 rpm for 5 min and washed with sterile water. Cells were resuspended in 3 ml of 20 mM Tris-HCl (pH 7.4) and 5 mM EDTA (pH 7.4) and were transferred to a 15 ml Sarstedt polypropylene tube to which 3.0 ml of phenol equilibrated with the same buffer was added. The tube was capped and rotated end over end on a roller drum for 30 min at 37 °C. The aqueous fraction was extracted twice with phenol/CHCl 3 . RNA was precipitated by addition of 5M NaCl to 0.1 M and 2.5 volume of 95% ethanol, and chilling at -20°C for at least 3 hrs.
Pulse-chase Analysis A 3 ml culture at 0.75-2.0X 10 7 cells/ml in synthetic medium without methionine at 23 °C was shifted to 37 °C for 1 hr and was pulse-labeled with 60 /iCi/ml [methyl-3 H] methionine for 2.5 min. 500 /xg/ml of cold methionine was immediately added. Samples of 1 ml were withdrawn at the indicated times and were transferred to eppendorf tubes with crushed ice. Total RNA was prepared and analyzed on a 1.5% agarose gel in formaldehyde (10) . The agarose gel was soaked with ENHANCE [NENDuPont] for 3 hrs and washed in cold sterile water for 1 hr while the gel was shaking slowly. The gel was then dried and visualized by fluorography at -70°C. Screening of the temperature sensitive mutant bank The temperature sensitive bank of 517 mutants was screened by Northern analysis. Mutant cells growing at 23°C were shifted to 37°C for 90 min. RNA was extracted from each mutant and analyzed by Northern hybridization using probes from rDNA regions (Fig. 2 ). Potential mutants involved in pre-rRNA processing were identified by comparing the phenotype of each mutant on the Northern blot with that of a wild type strain.
Miscellanous techniques
Northern blot analysis was performed essentially as described by Thomas (10) . Oligonucleotides were synthesized on an Applied Biosystems Model 380A DNA Synthesizer. Oligonucleotide probes were 5'-end labeled with [y 32 P]ATP (Amersham, 3000 /tCi/mmol) and T4 polynucleotide kinase. Polyribosome preparation was performed as described (11) . Slot blot analysis was performed as described (12) . Primer extension analysis was carried out as described (13) .
RESULTS
Identification of a Recessive Mutant That Accumulates Unusual rRNA Processing Products
To screen the bank of ts mutants, RNA was prepared from each mutant after it had been at the restrictive temperature for 90 minutes. Each RNA sample was subjected to Northern analysis, and hybridized to a number of probes representing different regions of the ribosomal RNA transcript, as well as from several protein encoding genes (Fig. 2) . The mutant ts 517 was identified by its novel phenotype shown on the Northern blot when probed with the oligonucleotide probe JW-134 (Fig. 3B) . In addition to a significant accumulation of 35S rRNA and unusually low levels of 27S and 20S rRNA precursors, there were three distinctive bands, termed 23S', 18S', and 7S' (Fig. 3B) . On an overexposed film, one can identify several additional minor bands. For the most part the level of mRNAs is unaffected by the mutation, but in certain cases, e.g. EN01 (Fig 3E) , there is a reproducible deficiency of mRNA for unknown reasons. The splicing process seems to be normal in this mutant as indicated by probing with the ACT1, RPS10, and RP132 genes (Fig. 3D, 3E, 3F ). The small amount of unspliced mRNA from RPL32 is the usual consequence of an imbalance of rRNA and ribosomal protein production (14, 15) . The mutant strain was crossed with the wild type strain J1003. ID and the diploid was found to grow at 37°C, indicating that the temperature sensitivity of ts 517 is recessive. RNA from the diploid strain also showed a wild type phenotype (Fig. 4) , suggesting its phenotype on the Northern blot is also recessive.
This diploid was sporulated and its tetrads analyzed. Eleven sets of tetrads were obtained; all showed 2:2 segregation for temperature sensitivity. RNA from five sets of those tetrads were extracted and analyzed on a Northern blot. It was found that temperature sensitivity and the appearance of 23S', 18S' and 7S' RNAs cosegregated 2:2 (Fig. 4) suggesting that the two phenotypes of ts 517 are due to a single mutation or to mutations in closely linked genes. Subsequent experiments were carried out with the strain KS1D derived from spore D, except where indicated.
Spontaneous revertants that grew at the restrictive temperature were obtained at a frequency of about 10~6. Twenty ts revertants were analyzed by Northern blots; all showed a wild type phenotype (Fig. 5) . The reversion is at or near the site of the mutation since dissection of 18 tetrads from a cross of the revertant with wild type revealed no ts spores.
All together the results demonstrate that a single mutation causes both temperature sensitivity for growth and the appearance of 23S', 18S', and 7S'. We tentatively term the gene mutated as RRP2 (7) . The rrpl allele complements rrpl (data not shown), showing that they are different genes.
Temperature Sensitivity of the rrpl mutant
The growth of the rrpl mutant strain on YPD plates at 37 °C was examined. Mutant cell cultures growing at 23°C were shifted to 37 °C for 2 hours and cells were streaked onto a pre-warmed
In liquid medium at 23 °C the doubling time of the rrpl mutant strain is 225 min, while that of the wild type strain is 145 minutes (Fig. 6A) . The slower growth is presumably due to a residual effect of the mutation, since some 7S', 18S' and 23S' RNA is present in cells growing at 23 °C (Figure 7) .
The growth curve was determined after cultures were shifted from 23°C to 37°C (Fig. 6B) . The mutant cells grew progressively more slowly at 37°C, showing no significant growth after four to five generations. Microscopic examination revealed no enrichment of cells at a particular phase of the cell cycle.
A B C D a/a 35S- /ml were shifted to a 37°C water bath. •-•: J1003.1E at23°C and 37°C.D-n: KSID at 23°C and 37°C. For measuring growth at 37°C, dilution was made when the cell density reached 2.5 x 10 7 in order to maintain log-phase growth.
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Pulse-chase Analysis of the rrp2 mutant The processing of newly synthesized pre-rRNA can be followed by pulse-chase analysis after labelling with the methyl group of [C 3
H 3 ]methionine (16; Fig. 8 ). After a 2.5 minute pulse at the beginning of the chase, 35S, 27S and 20S pre-rRNA could be detected in the wild type strain and about one third of 20S rRNA had already been processed to 18S rRNA. In the mutant strain, however, the major rRNA detected at the beginning of the chase was 35S rRNA. Only a small fraction of 35S rRNA had been processed to 27S and 20S rRNA; no mature RNA could be detected. After a chase of 3 min, the wild type strain showed a 27S/25S ratio of about 1:1 and 20S rRNA was completely processed to 18S rRNA, while in the rrp2 mutant strain little of the 27S rRNA had been processed to 25S rRNA, and the ratio of 20S/18S rRNA was about 1:1. After a chase of 10 min, the pre-rRNA processing was completed and the 25S/18S ratio is similar in both wild type and mutant strains. A similar experiment carried out at the permissive temperature revealed that the mutant had only a slightly slower rate of processing than the wild type, (data not shown). The pulse-chase analyses suggest that, in the mutant at the restrictive temperature, 35S rRNA is processed relatively slowly, but yields 25S and 18S RNA in approximately the amounts and ratios of the wild type. No 23S' RNA is apparent. The 23S' RNA detected in the Northern analysis (Fig. 2) may be rare but stable aberrant molecules. 7S' RNA would not be detected in this experiment because it has no methyl groups.
Identification of the distinctive RNA species of the rrp2 mutant
By comparison with the migration of the known rRNA precursor species, the 23S', 18S' and 7S' RNA species are estimated to be about 3000 nt, 1600 nt and 310 nt in length, respectively (Fig. 3) . All three RNA molecules could be detected by oligonucleotide probes JW-134 and JW-164. The 23S' and 18S' species but not 7S' could be detected by oligonucleotide probes JW-144 or JW-166 (Fig. 3A, 3B, 3C ). The 23S' RNA could also be detected by oligonucleotide JW-127. None of these three species could be detected by oligonucleotide probes JW-145 or Figure 8 . Pulse-chase analysis. Three ml log-phase cultures of wild type and KSID strains growing at 23°C were shifted to 37°C for 1 hr and labelled with 60 pCi/ml [C 3 H 3 ]methionine for 2.5 min. 500 /ig/ml of non-radioactive methionine was then added. 1 ml samples were withdrawn at indicated times. RNA was prepared and 5x10* cpm was analyzed on a 1.5% agrose gel. The gel was treated with EN 3 HANCE and visualized by fruorography.
JW-128 (data not shown). These RNA species are therefore identified as the molecules shown in Figure 3G . The appearance of 7S' RNA on the Northern blot is especially interesting for two reasons: 1) It is relatively abundant as indicated by its signal on the Northern blot. 2) While the 7S rRNA that is the precursor of 5.8S RNA includes spacer sequence at its 3' end (3; Fig. 1 ), the 7S' RNA found in the rrp2 mutant strain contains 5.8S RNA with spacer sequence at its 5' end. To determine the exact 5' terminus of 7S' RNA, primer extension analysis was carried out on small RNA prepared from the rrp2 mutant strain, using oligonucleotide JW-134 as a specific primer (Fig. 9) . The single primer extension product is 131 bp in length. The 5' terminus of 7S' RNA is therefore at a site 5 nucleotides downstream of the normal cleavage site (A2 in Fig. 1 ) that generates the 20S and 27S intermediates (17, 3) . Alternatively, the 5' end of 7S' RNA may be the normal A2 cleavage site, with 5 nucleotides usually being removed by an exonuclease.
Polyribosome Analysis Does 7S' RNA assemble into ribosomal subunits? In order to identify the complexes with which 7S' RNA may be associated and to study the effects of the rrp2 mutation on ribosome assembly, ribosomes and polyribosomes from the wild type and G A T C 7S mutant strains growing at 23 ° were prepared as described under Methods. Fractions containing 40S, 60S, 80S and polyribosomes were applied to a slot blot (12) that was probed with JW-71 (an oligonucleotide complementary to a sequence within 5S rRNA) to detect 5S RNA, as well as with oligonucleotide JW-134 that is specific for 7S' RNA (Fig. 10) . The 7S' RNA is found in 60S, 80S, and polyribosome fractions. However, the 7S75S rRNA ratio decreases in the order of 60S, 80S and polyribosome fractions. These results suggest that 7S' RNA can assemble into 60S subunits, but that such 60S subunits enter polyribosomes very inefficiently.
DISCUSSION
We have identified a temperature sensitive mutation, in a gene termed RRP2, that leads to defective pre-rRNA processing. PremRNA processing is not affected. A different mutant allele of RRP2, confirmed by lack of complementation, has been isolated by L. Lindahl, R.H. Archer and J.M. Zengel (pers. comm.). The defect in RNA processing is evident in two ways. The processing of 35S precursor to the mature 25S and 18S rRNAs is slowed substantially, and several aberrant RNA species accumulate. Chief among these is a molecule we have termed 7S' RNA that consists of the entire 5.8S RNA with an additional 149 nucleotides at its 5' end. This molecule can be incorporated into a 60S subunit. Such subunits are inefficient at entering polyribosomes.
Although the processing pattern shown in Figure 1 has been generally accepted for a number of years, recent evidence suggests that in higher organisms there is a primary cleavage site near the 5' end of the transcript. (18) U3 RNA has been implicated in this cleavage step, (19) and some evidence suggests it may have a role at the A2 site as well. (20) The precise role of the snRNAs in the processing of yeast ribosomal precursor RNA has not yet been established, but their involvement in some steps seems beyond doubt. (21, 22, 23) The mutation in RRP2 leads to an accumulation of 35S rRNA and the appearance of 23S', 18S' and 7S' RNA species, suggesting that the mutant has a defect in the processing step that generates 20S and 27S rRNA. Instead of being cleaved at A2, the normal site, 35S rRNA is cleaved at site E to generate the 23S' RNA species. Subsequent cleavage at or near site A2 would yield a 7S' species that might no longer be susceptible to cleavage at site B1. The defect either could be in a processing enzyme responsible for the first cleavage in wild type strains (Fig. 1) , or could be due to a defective factor that leads the pre-rRNA to form an altered conformation in the processing complex. It is unlikely to be in U3 RNA because (a) the mutant is recessive, (Fig. 4) and (b) there are two genes for U3 RNA, either of which will support growth. (21) While we have demonstrated genetically that the temperature sensitivity and the aberrant processing of rRNA are caused by the same mutation, the biochemical basis of the temperature sensitivity remains unclear. Apparently normal 25S and 18S RNA continue to be synthesized, albeit at a somewhat reduced rate. The 7S' RNA is clearly observable even at the permissive temperature. (Figure 7 ) It accumulates to no more than 5-10% of the 5.8S RNA even after six hours at 37°C, when growth has declined substantially (data not shown). The mutant cell grows more slowly than wild-type at 23 °C, but at same rate as wild type at 18°C. Does even a low amount of 7S' RNA affect the rate or the accuracy of protein synthesis sufficiently to cause this phenotype? Or is the appearance of 7S' RNA simply a symptom of a more profound biochemical effect of the mutation that we have not yet detected?
The screening of more than 500 ts mutants, each with probes for several regions of the transcribed spacer regions of the rRNA, led to only a single clear mutant in rRNA processing, and perhaps to a few that were marginal. In contrast many were defective in mRNA processing. This suggests either that aberrant processing intermediates are degraded extremely rapidly, or that there are very few genes involved in rRNA processing, or that such genes are duplicated. Clearly, alternative methods will be required to identify more mutations in this process.
